Histone H4, a nucleosome subunit in eukaryotes, plays crucial roles in DNA package and regulation of gene expression through covalent modification. A viral histone H4 encoded in Cotesia plutellae bracovirus (CpBV), a polydnavirus, is called CpBV-H4. It is highly homologous to other histone H4 proteins excepting 38 extra amino acid residues in the N terminus. CpBV-H4 can form octamer with other histone subunits and alter host gene expression. In this study, CpBV-H4 was transiently expressed in a natural host (Plutella xylostella) and its suppressive activity on host gene expression was evaluated by the suppressive subtractive hybridization (SSH) technique. The SSH targets down-regulated by CpBV-H4 were read with the 454 pyrosequencing platform and annotated using the genome of P. xylostella. The down-regulated genes (610 contigs) were annotated in most functional categories based on gene ontology. Among these SSH targets, 115 genes were functionally distinct, including two chromatin remodelling factors: a lysine-specific demethylase (Px-KDM) and a chromatin remodelling complex [Px-SWI/SNF (SWItch/Sucrose Non-Fermentable)]. Px-KDM was highly expressed in all tested tissues during the entire larval period. Suppression of Px-KDM expression by specific RNA interference (RNAi) significantly (P<0.05) reduced haemocyte nodule formation in response to immune challenge and impaired both larval and pupal development. Px-SWI/SNF was expressed in all developmental stages. Suppression of Px-SWI/SNF expression by RNAi reduced cellular immune response and interfered with adult metamorphosis. These results suggest that CpBV-H4 can alter host gene expression by interfering with chromatin modification and remodelling factors in addition to its direct epigenetic control activity.
INTRODUCTION
Eukaryotic nuclear DNAs are packaged in repeating nucleosome units. A nucleosome consists of a segment of DNA of about 200 bp wound around histone protein cores. Four different histone subunits form an octamer, with a H1 histone subunit acting as linker. The histone octamer is composed of each dimer of H2A, H2B, H3 and H4 subunits. Relatively rich lysine residues in histone monomers can facilitate their interaction with negatively charged DNA. Thus, changing lysine polarity by covalent modification is a way to control the package of chromatin and regulate gene expression in epigenetic mode (Wu et al., 2009 ). Viral histone H4s have been identified in polydnaviruses (PDVs) (Gad & Kim, 2008) . PDVs are dsDNA viruses symbiotic to certain endoparasitoid wasps. They can be subdivided into two genera, Ichnovirus (IV) and Bracovirus (BV), depending on their host wasp family (Ichneumonidae or Braconidae) (Webb et al., 2000) . The PDV genome is located on host wasp chromosome(s) in a segmented proviral form (Fleming & Summers, 1991; B ezier et al., 2013) . However, viral replication to form viral particles occurs only in female reproductive organs (Volkoff et al., 2010) . Moreover, the replicated viral genome lacks genes associated with viral replication machinery (Espagne et al., 2004; B ezier et al., 2009) . Thus, the replicated episomal form of viral particles can no longer multiply. These viral particles in the oviduct and wasp egg are then transferred to the haemocoel of the parasitized host during parasitization. The parasitized host suffers significant immunosuppression and developmental retardation (Strand & Burke, 2013) . These physiological alterations are required for successful development of wasp immatures in the host haemocoel by either preventing host immune defence responses or allowing wasp immatures to fully develop in the host with prolonged supply of host nutrients (Webb & Strand, 2006) . PDVs encode a number of genes associated with host regulation by altering host gene expression or interrupting host protein functions (Burke & Strand, 2014) .
CpBV-H4 is a viral histone H4 encoded in a PDV called Cotesia plutellae bracovirus (CpBV) symbiotic to an endoparasitoid wasp, C. plutellae, that parasitizes young larvae of the diamondback moth, Plutella xylostella (Bae & Kim, 2004) . Parasitized larvae exhibit severe immunosuppression in both cellular and humoral immune responses (Ibrahim & Kim, 2006; Nalini & Kim, 2007; Bae & Kim, 2009 ). Among several parasitic factors, CpBV is regarded as a main parasitic factor in host regulation presumably with 157 encoded genes including viral histone H4 (Chen et al., 2011) . The viral histone H4 encoded in CpBV (CpBV-H4) is highly homologous to eukaryotic histone H4. It plays a crucial role in host regulation by altering the expression of host genes associated with immunity or development (Gad & Kim, 2008) . Compared to host H4, CpBV-H4 has an extended N-terminal tail consisting of 38 aa containing nine lysine residues (Gad & Kim, 2009 ). The truncated form of CpBV-H4 after deleting the extended N-terminal tail will lose its inhibitory functions, suggesting that CpBV-H4 can epigenetically control host gene expression (Hepat & Kim, 2011) . Similar viral histone H4s have been found in other Cotesia-associated BVs (Qi et al., 2015) . It has been reported that CpBV-H4 can interact with eukaryotic histone proteins to form nucleosomal octamer in an in vitro reconstruction assay (Hepat et al., 2013) . By chromatin immunoprecipitation (ChIP) in the study, CpBV-H4 has been recovered in the nucleosomal fraction of Tribolium castaneum transiently expressing CpBV-H4. Subsequent ChIP sequence analysis has indicated that CpBV-H4 is incorporated into the promoter regions close to highly inducible genes. However, its association with its natural host P. xylostella chromatins and subsequent genome-wide transcriptional analysis was not performed due to the lack of genome information of P. xylostella. Thus, the inhibitory effect of CpBV-H4 on the physiological process of P. xylostella remains unclear at the molecular level. A main objective of this study was to identify P. xylostella genes that could be suppressed by the expression of CpBV-H4 with published whole-genome information on P. xylostella (You et al., 2013) . To identify target genes, the suppressive subtractive hybridization (SSH) technique was used. The identified transcripts were sequenced with a 454 pyrosequencing platform, assembled and annotated. In addition, this study further analysed the functions of two chromatin modification and remodelling factors to discriminate primary action (transcriptional control of genes directly associated with physiological processes) and secondary action (transcriptional control of genes associated with transcription-associated factors) of CpBV-H4 in the control of host gene expression. 
RESULTS
CpBV-H4 interacts with other nucleosome subunits of P. xylostella
To determine the interaction of CpBV-H4 with nucleosomal components of P. xylostella, a pull-down assay was performed ( Fig. 1 ) by incubating nuclear protein extract (NP-NE) from non-parasitized (NP) larvae with recombinant CpBV-H4 (rCpBV-H4). The complex that was pulled down was subjected to liquid chromatography followed by tandem mass spectrometry (LC-MS/MS). Four bands were clearly detected after the pull-down assay (Fig. 1a) . Among the four bands, the band with the highest molecular weight was found to represent rCpBV-H4 by Western blot analysis (data not shown). The other three bands represented two histone monomers and a polyamine-modulated factorbinding protein (Fig. 1b) .
Various functional groups of host genes are targets of suppression by CpBV-H4
Based on the above observation that CpBV-H4 interacted with nucleosomal components, CpBV-H4 was transiently expressed in NP larvae to assess its influence on host gene expression (Fig. S1 , available in the online Supplementary Material). The in vivo transient expression of CpBV-H4 was confirmed by PCR (with expected PCR product of 450 bp) and Western blot analysis (Fig. S1a) . Under transient expression conditions, single-stranded cDNAs (drivers for SSH) were constructed from mRNAs extracted from larvae transiently expressing CpBV-H4 and hybridized with cDNAs prepared from control larvae expressing truncated CpBV-H4. Results of 454 pyrosequencing of SSH target genes yielded 100 297 reads with a total of 27 538 001 bases. Using 454 Life Sciences Newbler software, these reads were trimmed and assembled into 610 contigs. The average length of these contigs was 452 bp. The largest contig was 1150 bp in length. These assembled contigs were deposited as Transcriptome Shotgun Assembly at GenBank with accession numbers from JI625642 to JI626168. Among these assembled contigs, 178 were annotated into different GO categories (Fig. S1b ) based on the cut-off E value at 10
À4
. A total of 115 contigs were classified into known functional subcategories (Table 1) , including metabolism and development (27 %), cell signalling (20 %), gene expression control (16 %) and immunity (2 %) (Fig. S1c) . The expression and function of two annotated target genes, lysine demethylase (Px-KDM) and SWItch/Sucrose NonFermentable (Px-SWI/SNF), were further analysed.
KDM is required for host larval development and its expression is suppressed by CpBV-H4
The full-length sequence of Px-KDM (accession number: Px009382) in the genome of P. xylostella encodes 616 amino acid residues with a molecular weight of 70.5 kDa and pI value of 5.97. Domain analysis indicated that Px-KDM possesseds a highly conserved cupin domain containing jumonji (JmjC)-domain-containing demethylase motif (Fig. 2a) . JmjC forms an enzymatically active pocket that coordinates Fe (III) and a-ketoglutarate (Takeuchi et al., 2006) . The predicted amino acid sequence of Px-KDM had conserved motifs similar to human and drosophila KDMs (Fig. S2 ). In addition, Px-KDM (Px009382) was clustered with other KDM4 genes (Fig. 2b) . Its expression was detected in all tissues tested from larval stages (Fig. 2c) . However, parasitized (P) larvae at late stages exhibited a significant (P<0.05) decrease in Px-KDM expression compared to NP larvae (Fig. 3a) . When CpBV-H4 was transiently expressed in NP larvae, Px-KDM expression (Fig. 3b , left panel) was significantly (P<0.05) inhibited. In contrast, transient expression of a mutant CpBV-H4 by deletion of the N-terminal tail failed to inhibit the expression of Px-KDM (Fig. 3b, right panel) .
To determine the physiological function of Px-KDM, its expression was knocked down by dsRNA specific to Px-KDM (dsKDM) (Fig. 4a ). Significant (P<0.05) reduction of Px-KDM expression was detected at 24 h post-injection of dsKDM. At 72 h after dsKDM injection, the cellular immune response of larvae was assessed by measuring nodule formation (Fig. 4b) . The RNA interference (RNAi) treatment significantly (P<0.05) reduced the immune response of larvae. It also significantly (P<0.05) impaired larval developmental and pupation rates (Fig. 4c) . Furthermore, RNAi-treated larvae exhibited significant (P<0.05) reduction in pupal weight and adult development.
SWI/SNF required for host adult metamorphosis is suppressed by CpBV-H4
The full-length sequence of Px-SWI/SNF (accession number: Px016803) in the genome of P. xylostella encodes 800 amino acid residues with a molecular weight of 91.4 kDa and pI value of 5.42. Domain analysis revealed that Px-SWI/ SNF possessed a SWI, a SWIRM domain and a Myb_DNA-binding domain consisting of SANT domains (Fig. 5a ). The SANT domain has been identified in nuclear receptor co-repressors such as SWI3, Adaptor 2 (Ada2), Nuclear receptor co-repressor (N-CoR) and Transcriptional Factor (TF) IIIB (Assland et al., 1996) . It has been proposed that the SANT domain can function as a histone-interaction module that couples histone(s) for the remodelling of chromosome (Grüne et al., 2003) . The predicted amino acid sequence of Px-SWI/SNF shared homologies with SWIRM and the RSC8 subunit of SWI/SNFs (Figs S3 and 5b) . Its expression was detected in all larval tissues tested (Fig. 5c) . However, compared to NP larvae, P larvae exhibited significant (P<0.05) decrease in Px-SWI/SNF expression (Fig. 6a) . When CpBV-H4 was transiently expressed in NP larvae, it significantly (P<0.05) inhibited the expression of Px-SWI/ SNF (Fig. 6b, left panel) . In contrast, the truncated CpBV-H4 mutant failed to inhibit the expression of Px-SWI/SNF (Fig. 6b, right panel) . Px-SWI/SNF expression was suppressed by the injection of its specific dsRNA (Fig. 7a) . At 24 h post-injection of dsRNA, significant reduction of Px-SWI/SNF expression was detected. At 60 h post-dsRNA injection, the cellular immune response of larvae was assessed by measuring nodule formation (Fig. 7b ). The RNAi treatment significantly (P<0.05) impaired nodule formation of the treated larvae in response to bacterial challenge. It also delayed larval development of the treated larvae and subsequently lowered pupation rates, pupal weight and adult development (Fig. 7c ). RNAi treatment against larvae prevented wing development during the pupal stage, leading to abnormal wing morphs (short or no wings, Fig. 7d ) at the adult stage.
DISCUSSION
It has been reported that CpBV-H4, a viral histone H4, can join the nucleosome and alter gene expression by an epigenetic mode (Hepat et al., 2013 ). This hypothesis was tested in a natural host (P. xylostella) of CpBV through an in vivo transient expression assay and SSH analysis in this study. Before performing in vivo transient expression assay, this study revealed protein-protein interactions of CpBV-H4 with two histone proteins (H4 and H2B) and polyamine-modulated factor 1-binding protein 1 (PMFBP1). It has been shown that PMFBP1 plays a role in maintaining sperm tail and cellular cytoskeletal organization (Haidl et al., 1991) . It also contributes to the recycling of S-adenosyl methionine to control DNA methylation, suggesting that it can interact with nucleosomes (Karouzakis et al., 2012) . Thus, this pull-down assay suggests that CpBV-H4 can interact with other nucleosomal subunits to form nucleosomes of P. xylostella. It has been reported that CpBV-H4 can form an octamer with four kinds of histones derived from Xenopus laevis under in vitro conditions (Hepat et al., 2013) . The octamer consists of a heterodimer of CpBV-H4 and H4 along with three homodimers of H2A, H2B and H3. Furthermore, in vivo transient expression of CpBV-H4 and subsequent chromatin immunofluorescence assay has isolated chromatin fragments, suggesting the joining of CpBV-H4 to nucleosomes (Hepat et al., 2013) . The present study performed in vivo transient expression assays of CpBV-H4 in P. xylostella. The transient expression of CpBV-H4 in P. xylostella followed the method of Hepat & Kim (2012) and its efficacy was confirmed by both RT-PCR and Western blotting. Subsequent SSH-identified target genes were down-regulated by CpBV-H4 expression. After 454 pyrosequencing, these SSH target transcripts were classified into most GO categories, suggesting that CpBV-H4 has multiple targets on host chromosome(s). Such a result is similar to that of a previous study (Hepat et al., 2013) that CpBV-H4 can join the promoter regions near different inducible genes of T. castaneum. SSH targets with significant low E values were further analysed in functional annotation and the results showed that almost half of the target genes were associated with metabolism or development, indicating that CpBV-H4 can suppress host growth by inhibiting the expression of metabolism and developmental genes. In addition, some SSH targets were involved in cell signalling-related sensory physiology such as odorant and monoamine receptors, suggesting that CpBV-H4 may inhibit host sensing of environmental change or stresses induced by parasitism. The SSH targets also included factors associated with gene expression. This study further analysed two factors: KDM and SWI/SNF.
A lysine-specific demethylase (Px-KDM, Px009382) of P. xylostella was down-regulated by CpBV-H4 in our SSH study. Analysis of its predicted amino acid sequence revealed that Px-KDM possessed a JmjC domain essential to its demethylase activity. The JmjC domain is also associated with animal development (Takeuchi et al., 2006) . Px-KDM was expressed in the larvae of P. xylostella. It was also expressed in all tested tissues (haemocyte, fat body, gut and epidermis) of the last instar larvae. However, its expression was lower in larvae parasitized by C. plutellae compared to that in control larvae of P. xylostella without parasitization. Treatment with RNAi specific to Px-KDM suppressed the immune response of P. xylostella and delayed larval development. These results suggest that Px-KDM can act as an epigenetic control factor through covalent modifications (phosphorylation, ubiquitylation, sumoylation, acetylation and methylation) of histones to modulate the expression of genes associated with the immune response and larval development of P. xylostella. Among different kinds of covalent modifications, histone methylation is of particular interest because methylation is associated with diverse biological processes, including transcriptional activation and repression, heterochromatin-mediated transcriptional silencing, DNA damage response and X chromosome inactivation (Margueron et al., 2005; Martin & Zhang, 2005) . The main methylation sites within histone tails are basic amino acid side chains of lysine and arginine residues. Lysines within histones can be mono-, di-or trimethylated on "-nitrogen, while arginines are mono-or dimethylated on the guanidium group (Murray, 1964) . Histone arginine methylation is generally linked to transcriptional activation, whereas histone lysine methylation can be correlated with either transcriptional activation or repression depending on the site and status of methylation (Zhang & Reinberg, 2001 ). Methylation at lysines 4 (H3K4), 36 (H3K36) and 79 (H3K79) of histone H3 can lead to the activation of euchromatic genes, whereas methylation at lysines 9 (H3K9) and 27 (H3K27) of histone H3 and methylation at lysine 20 of histone H4 (H4K20) are markers of repressed chromatin (Martin et al., 2005) . Lysine-specific methylation is catalysed by highly conserved histone methyltransferases using S-adenosyl-L-methionine as methyl donor (Paik & Kim, 1971; Rea et al., 2000) . Lysine residues at 4, 9, 27 and 36 of histone H3 and lysine residue at 20 of histone H4 are preferred methylation sites (Tong et al., 1998) . The first reported histone demethylase was lysine-specific demethylase-1 (LSD1/KDM1) (Shi et al., 2004) . Subsequently, five other lysine demethylase families (KDM2-6) containing the JmjC domain have been reported (Tsukada et al., 2006; Nottke et al., 2009) . The KDM4 family is highly conserved among many organisms. It specifically removes di-and trimethyl groups from H3K9 and H3K36 (Klose et al., 2006; Whetstine et al., 2006) . The KDM4 family is associated with DNA replication, neural development and oncogenesis in humans (Loh et al., 2007; Strobl-Mazzulla et al., 2010; Ye et al., 2012) . Two KDM4 members identified in D. melanogaster play crucial roles in preventing DNA condensation by decreasing trimethylated H3K9 (H3K9me3) levels (Black et al., 2010) . They are also required for larval-to-pupal metamorphosis of D. melanogaster by co-localizing with the ecdysone receptor on the ecdysone-response element to facilitate DNA decondensation by decreasing demethylating H3K9me3 levels, leading to activation of gene expression for pupal metamorphosis (Tsurumi et al., 2013) . In the current study, CpBV-H4 inhibited the expression of Px-KDM phylogenetically related to KDM4 type genes. The expression of Px-KDM is required for larval-to-pupal metamorphosis in P. xylostella. This result suggests that Px-KDM may be involved in ecdysteroid signalling for pupal metamorphosis of P. xylostella. The inhibition of Px-KDM expression by CpBV-H4 could prevent larval-to-pupal metamorphosis of P. xylostella. In fact, several SSH targets identified in the current study were zinc finger proteins containing the BTB (Broad-Complex, Tramtrack and Bric a brac) domain. Broad complex (BR-C) is a BTB-domain transcriptional factor specific for pupal metamorphosis under ecdysteroid signalling (Zhou & Riddiford, 2001 ).
Px-SWI/SNF, a chromatin remodelling factor, was another target down-regulated by CpBV-H4. It was expressed in NP larvae. However, its expression was lower in P larvae compared to that in NP larvae. Suppression of Px-SWI/SNF expression by RNAi induced immunosuppression and developmental alteration. Nucleosome organization is a physical hindrance to the expression of eukaryotic genes because the presence of histones around the enhancer or promoter regions can lead to DNA condensation, thus blocking the accessibility of corresponding transcriptional factors (Cairns, 2007) . SWI/SNF is a highly conserved protein complex that regulates DNA condensation by its ATPase activity and modulates DNA accessibility to transcriptional factors (Neigeborn & Carlson, 1984; Stern et al., 1984) . At least four subunits have been found in the functional SWI/SNF complex (Phelan et al., 1999 combinations of the core subunits with other subunits (usually 8-11 different subunits in yeast and metazoan) may lead to activation or repression of target gene expressions (Zhao et al., 1998; Lessard et al., 2007) . Brahma (Brm) complex, a Drosophila counterpart to SWI/SNF, is co-localized with RNA polymerase II in DNA sites that are actively transcribed in salivary gland polytene chromosome (Armstrong et al., 2002; Zraly et al., 2003) . To control gene expression, Brm recruits histone-modifying enzymes such as histone acetylase and KDM or gene-specific transcriptional factors (Simon & Tamkun, 2002 ). An aberration of chromatin remodelling can lead to uncontrolled gene expression that can result in serious diseases, such as cancer and Alzheimer's disease in humans (Popov & Gil, 2010; Masliah-Planchon et al., 2015) . A mutant assay of Brahma complex in D. melanogaster has indicated that SWI/ SNF can coordinate transcriptional regulation of ecdysteroid signalling during pupal development (Zraly et al., 2006) . Thus, the inhibition of Px-SWI/SNF gene expression by CpBV-H4 may suppress ecdysteroid signalling during larval development of P. xylostella parasitized by C. plutellae and inhibit host metamorphosis. The suppression of cellular immune response by RNAi against Px-SWI/SNF might also be due to inhibition of ecdysteroid signalling. It has been reported that 20-hydroxyecdysone, an ecdysteroid, can stimulate haemocyte-spreading behaviour in Pseudoplusia includens, a lepidopteran insect (Clark et al., 2005) .
In summary, this study showed that CpBV-H4 can downregulate functionally distinct genes in P. xylostella by either direct epigenetic control activity of CpBV-H4 or indirect suppression of transcriptional regulators such as Px-KDM and Px-SWI/SNF. However, this study does not exclude the possibility that CpBV-H4 can up-regulate other host genes and alter the physiological processes of P. xylostella for wasp development.
METHODS
Insect rearing and parasitization. Larvae of P. xylostella were reared on cabbage leaves at 25±1 C with a 16 : 8 h (L : D) photoperiod. Adults were fed with 10 % sucrose. Late second instar larvae were parasitized by female C. plutellae at 1 : 2 (wasp : host) ratio for 24 h and reared on cabbage leaves. P larvae lived for 8 days (P1-P8 according to daily age of larvae) without pupal development. They died after emergence of fully matured wasp larvae and formed cocoons shortly for pupal development. In contrast, NP larvae at stages corresponding to P larvae after parasitization lived 6 days (NP1-NP6) at 25 C and pupated. Wasp cocoons were collected and kept at 25 C for adult tissue development. After emergence, adult wasps were allowed to mate for 24 h and used for parasitization (Bae & Kim, 2004) .
Pull-down assay and liquid chromatography followed by tandem mass spectrometry analysis. Fat bodies of fourth instar NP larvae were homogenized and used for isolation of nuclear extract (NE) according to a published method (Mine et al., 1995) . Briefly, NE (500 µg in 400 µl) was added to 50 µg (100 µl) of recombinant CpBV-H4 (rCpBV-H4) protein in 500 µl of 100 mM PBS (pH 7.4). A 6Â Histagged rCpBV-H4 was prepared using the method of Hepat et al. (2013) . The mixture was incubated for 1 h on ice with shaking at 20 rpm. The protein-lysate complex formed was captured with 30 µl of Ni-NTA beads QIAGEN) . The mixture was incubated for 2 h on ice with shaking at 20 rpm. The protein complex was precipitated by centrifugation at 1000 g for 3 min at 4 C. Pellets were washed twice with PBS. The final pellet was resuspended in SDS sample buffer (Cat. No. EBA-1052, Elpis Biotech.) and subjected to protein separation (15 % SDS-PAGE) after denaturing at 95 C for 5 min. Protein bands captured by rCpBV-H4 were excised from the gel and assessed by LC-MS/MS analysis.
For LC-MS/MS analysis, protein bands of interest were excised and ingel digested with sequencing-grade trypsin (Promega) as described previously (Bahk et al., 2004) . Briefly, each protein band was excised from the gel, placed in a polypropylene tube and washed four to five times with 150 µl of 1 : 1 (v/v) acetonitrile per 25 mM ammonium bicarbonate (pH 7.8) until the gel was clear. Gel slices were dried in a Speedvac concentrator (5301, Eppendorf) and rehydrated in 30 µl of 25 mM ammonium bicarbonate (pH 7.8) containing 20 ng of trypsin. After incubation at 37
C for 20 h, the liquid was transferred to a new tube. Tryptic peptides remaining in the gel matrix were extracted with 20 µl of 50 % aqueous acetonitrile containing 0.1 % formic acid at 30 C for 40 min. Combined supernatants were evaporated in a Speedvac concentrator and dissolved in 8 µl of 5 % aqueous acetonitrile solution containing 0.1 % formic acid. The resulting tryptic peptides were separated and analysed with reversed phase capillary HPLC directly coupled to an ion trap mass spectrometer (LC-MS/MS) (LCQ Deca XP Plus, Thermo Finnigan) using the method of Zuo et al. (2001) with slight modifications. Briefly, both trapping column (0.1Â20 mm) and resolving column (0.075Â130 mm) were packed with Vydac 218MS low trifluoroacetic acid C18 beads (5 µm particle size, 300 Å pore size; Vydac) and placed in-line. After peptides were bound to the trapping column for 10 min with 5 % aqueous acetonitrile containing 0.1 % formic acid, bound peptides were eluted with 5-80 % (v/v) acetonitrile containing 0.1 % formic acid at a flow rate of 0.2 µl min À1 and a 50 min gradient. For tandem mass spectrometry, a full mass scan range mode at m/z of 450-2000 Da was used. After determining the charge states of ion-on zoom scans, product ion spectra were acquired in MS/MS mode with a relative collision energy of 55 %. Individual spectra from MS/MS were processed using TurboSEQUEST software (Thermo Quest). Generated peak list files were used to query either the MS database or National Center for Biotechnology Information (NCBI) using the MASCOT program (http:// www.matrixscience.com). Modifications of methionine and cysteine, peptide mass tolerance at 2 Da, MS/MS ion mass tolerance at 0.8 Da, allowance of missed cleavage at 2 and charge states (+1, +2 and +3) were taken into account. Only significant hits defined by MASCOT probability analysis were considered at scores higher than 44.
RNA extraction and cDNA preparation. Total RNAs of whole body or tissues were extracted using TRIzol reagent (Life Technologies) and resuspended in DEPC-treated water. For whole-body samples of P1-P4 or NP1-NP4 larvae, approximately 50 individuals were used to extract total RNA. For P5-P8 or NP5-NP6 samples, approximately 10 larvae were used. For tissue samples, approximately 10 P7-P8 larvae were used to collect fat body, midgut and epidermis. For haemocyte samples, more than 50 larvae were sacrificed. The extracted RNAs were treated with DNase (Promega) and incubated at 37 C for 30 min. PCR was performed with the RNA extract as a template to confirm the absence of DNA contamination using ribosomal protein RL32 as internal control. Primer sequences used for PCR are listed in Table S1 . To prepare cDNAs, total RNAs (1 µg) were added to Maxime RT PreMix (iNtRON Biotechnology) containing reverse transcriptase and oligo dT primer. The reaction mixture was incubated at 42 C for 90 min followed by an inactivation step at 95 C for 5 min. PCR was conducted using DNA polymerase (GeneAll, Seoul, Korea) under the following conditions:
Pupation rate was measured by dividing the number of pupae by the number of test larvae used in each dsRNA treatment. Time to pupation (days) was measured from L3D1 to pupation. Pupal weight (mg) was measured at the first day of pupation. Adult emergence (%) with complete escape from pupal cuticle was observed. Thirty individuals were assessed in each treatment. Different letters above SD indicate significant differences among means at Type I error=0.05 (LSD test). After 60 h post-injection, Px-SWI/SNF expression was assessed. As a control, a truncated CpBV-H4 was injected to assess its effect on Px-SWI/SNF expression. Upper gel pictures were RT-PCR results. In both treatments, RT-qPCR (lower graphs) was performed in triplicate. Different letters above SD bars indicate significant differences among means at Type I error=0.05 (LSD test). ) was injected into each L3D1 larva. Pupation rate was measured by dividing the number of pupae by the number of test larvae used in each dsRNA treatment. Time to pupation (days) was measured from L3D1 to pupation. Pupal weight (mg) was measured at the first day of pupation. Adult emergence (%) with complete escape from the pupal cuticle was calculated. (d) Effect of RNAi on adult wing development of P. xylostella. In vivo transient expression of CpBV-H4 and its truncated construct. Recombinant CpBV-H4 and truncated CpBV-H4 (Gad & Kim, 2008) in the pIB expression vector Invitrogen) were used for micro-injection. In vivo transient expression followed a method described by Hepat & Kim (2012) . Briefly, the recombinant construct (50 ng) was injected into each NP larva (1-day-old third instar, L3D1) using a micro-injector (World Precision Instruments) equipped with a glass capillary injection needle prepared with a micropipette puller PN-30 (Narishige, Tokyo, Japan) at a rate of 10 nl s À1 using a PV830 pneumatic pump (World Precision Instruments). Micro-injection was performed under a stereomicroscope (Olympus S730). Injected larvae were reared under the conditions described earlier. Total RNAs were extracted from larvae at 3 days post-injection. Total RNAs were used to construct cDNAs for SSH analysis (see below).
SSH. To determine target transcripts down-regulated by CpBV-H4, SSH was performed using a PCR-Select TM cDNA subtraction kit according to the manufacturer's instructions (Clontech Laboratories). Briefly, cDNAs collected from 10 NP5 larvae expressing the truncated CpBV-H4 by in vivo transient expression were used as 'testers', while cDNAs collected from 10 NP5 larvae expressing the full-length CpBV-H4 by in vivo transient expression were used as 'drivers'. cDNAs from testers and drivers were first digested with Rsa I (a four-base-cutting restriction enzyme with blunt-ended fragments). Tester cDNAs were then divided into two aliquots, each of which was subsequently ligated with one of two different primers, adaptor 1 or adaptor 2R. Two different adaptor-ligated tester cDNAs were separately denatured at 98 C for 90 s and then hybridized at 68 C for 8 h with a ratio of tester : driver=1 : 30. These two primary hybridization samples were mixed together without denaturation. Freshly denatured driver cDNAs were then added to the mixture for the second enrichment to hybridize any unreacted treatments of tester samples, at 68 C for 16 h. After that, two rounds of PCR reactions were performed to selectively amplify differentially expressed transcripts. The first PCR was carried out with primer 1 supplied by the manufacturer. The second PCR was performed with nested primers 1 and 2R using diluted primary PCR products (1/10 dilution) as template. The resulting PCR products represented genes that were suppressed by the expression of CpBV-H4. Concentration of cDNA was measured with Agilent 2100 Bioanalyzer DNA chips (Agilent Technologies). The resulting cDNAs (20 µg) were subjected to 454 pyrosequencing using Roche/ 454 Genome Sequencer FLX-Titanium technology (Roche).
454 pyrosequencing results and transcriptome analysis. The sequence reads were assembled using the NEWBLER software package provided by 454 Life Sciences after removing adapter sequences. Contigs were renamed in the format of SSH_CpBVH4-00001. All contigs and singletons were analysed using the BLASTX algorithm (Altschul et al., 1997) against the GenBank non-redundant database at NCBI (http:// www.ncbi.nlm.nih.gov/). Using the BLASTX algorithm, we also compared these sequences to insect-specific protein sequences. To examine protein domains, all sequences were searched against the Pfam database (Cogill et al., 2008) using the HMMER v3 program (Eddy, 1998) . BLAST2GO software (Conesa et al., 2005; Götz et al., 2008) was used to predict the functions of these sequences by assigning them to different gene ontology terms. Roche 454 reads of SSH-CpBV-H4 were submitted to the NCBI Sequence Read Archive under accession number SRA030403.1. Different KDM and SWI/SNF sequences were obtained from GenBank to construct a phylogenetic tree with MegAlign using the CLUSTAL W and MEGA5 (Tamura et al., 2011) programs installed in Lasergene 5.05 (DNASTAR) . Bootstrap values to support phylogenetic branching were calculated with 1000 repetitions.
Real time-quantitative PCR. RT-qPCR was performed in a 20 µl reaction volume consisting of 2Â SYBR ® Green Realtime PCRMasterMix (Code QPK-201, TOYOBO), 5 µM of gene-specific forward and reverse primers (Table S1 ) and 50 ng of cDNA as template. PCR was performed at 95 C for 10 min followed by 40 cycles at 98 C for 15 s, 54 C for 30 s and 72 C for 45 s with a final extension at 72 C for 7 min. Melting curves were assessed to confirm unique PCR products. The 2
ÀDDCt method (Livak & Schmittgen, 2001 ) was used to calculate the relative mRNA expression levels. RL32, a constitutively expressing gene, was used as an internal control.
RNA interference. For dsRNA synthesis of PxKDM (dsKDM) and Px-SWI/SNF (dsSWI/SNF), a MEGAscript RNAi kit (Part No. AM1626, Ambion) was used. Gene-specific primers was designed with T7 promoter sequences added at the 5¢ end of both forward and reverse primers (Table S1 ) to amplify the DNA region, following the manufacturer's instructions. Amplified dsDNA was diluted 2.5-fold in DEPC water to synthesize dsRNA using T7 RNA polymerase. After degrading DNA and ssRNA, dsRNA was quantified using a GeneQuant spectrophotometer (Model No. 80211504, Amersham Biosciences). For microinjection of dsRNAs, dsKDM, dsSWI/SNF and dsRNA, controls were each normalized to 250 ng µl À1 . The dsRNA suspension was then mixed with a cell transfection reagent (Metafectene PRO, Cat. No. ADM801/ SE010713, Biontex) at 1 : 1 (v/v) ratio and incubated for 20 min at 25 C. For dsRNA control (dsCON), dsRNA specific to viral gene CpBV-ORF302 was used (Park & Kim, 2010) . A 100 nl sample of dsRNA-vector complex was injected into each haemocoel of L3D1 NP larvae using a microinjector (World Precision Instruments) under a microscope (Olympus S730). The effect of dsRNA on target gene expression was quantified by RT-qPCR as described above.
Cellular immune assay using haemocyte nodule formation.
Nodulation assay was performed by micro-injecting dsRNAs into L3D1 NP larvae. Before injection, dsRNAs were mixed with a cell transfection reagent (Metafectene Pro) in 1 : 1 (v/v) ratio. The mixtures were then incubated for 20 min at 25 C to form liposomes. These liposomes (100 nl larva . Bacteria E. coli were grown overnight in Luria-Bertani broth containing tryptone, yeast extract and NaCl (2 : 1 : 2 by mass) at 37 C at 200 rpm. Bacterial cell pellets were obtained by centrifugation at 1000 g for 5 min. They were washed once with PBS. At 8 h following bacterial injection, nodules were counted by dissecting the dorsal aspect of the larvae under a microscope (Olympus SZX9) at Â40 magnification. Nodule counts were obtained by observing nodules under the gut. Each treatment was replicated with 10 larvae.
Assessment of host development. L3D1 NP larvae were microinjected with dsRNA-Metafectene complex as described above. Treated larvae were fed cabbage and reared at 25 C. For pupal development assessment, time to pupation was measured by time elapsed from L3D1 to pupation. Pupation was confirmed by pupal moulting within the cocoon. For pupal weight measurement, newly pupated pupae were measured after removing outer cocoon threads from the pupae. For adult emergence assessment, the whole body escaped from the pupal cuticle was considered as complete adult emergence and counted. Incomplete adult emergence was separated into pupal arrest (no emergence), deformed wing (curled wings) or no wings. All bioassays had three replicates per treatment. For each replication, 30 larvae were used.
Statistical analysis. All studies were performed in three independent replicates. Results of mean±SD were plotted using Sigma plot (version 10.0, SYSTAT Software). Means were compared by a least squared difference (LSD) test of one-way ANOVA using PROC GLM of the SAS program (SAS Institute Inc, 1989) and discriminated at Type I error=0.05.
